Interest for three-dimensional computed tomography cephalometry has risen over the last two decades. Current methods commonly rely on the examiner to manually point-pick the landmarks and/or orientate the skull. In this study a new approach is presented, in which landmarks are calculated after selection of the landmark region on a triangular model and in which the skull is automatically orientated in a standardised way. Two examiners each performed five analyses on three skull models. Landmark reproducibility was tested by calculating the standard deviation for each observer and the difference between the mean values of both observers. The variation can be limited to 0.1 mm for most landmarks. However, some landmarks perform less and require further investigation. With the proposed reference system a symmetrical orientation of the skulls is obtained. The presented methods contribute to standardisation in cephalometry and could therefore allow improved comparison of patient data.
Introduction
Cephalometry is the scientific study of the measurement of the head in relation to specific reference points. Based on these points, which are called anatomical landmarks, various distances, angles, lines and planes are calculated. Since its introduction by Broadbent (Broadbent 1931 ) and Hofrath (Hofrath et al. 1931) in 1931, cephalometry is a widely used measurement tool for diagnosis, treatment planning and outcome evaluation of dentofacial disharmonies in orthodontics and craniofacial surgery.
Traditionally, the landmarks are identified on tracings of 2D cephalometric radiographs. However, conventional radiographs are characterised by overlap effects due to superimposition of anatomical structures and by magnification and distortion errors depending on the distances between the X-ray source, the object and the film (Bergersen 1980; Friedland 1998; Dibbets and Nolte 2002) . Moreover, it has been found that tracing variance is an important source of error (Baumrind and Frantz 1971; Houston et al. 1986; Kamoen et al. 2001 ). Another disadvantage is that facial asymmetry in the frontal plane induces significant error in the evaluation of the lateral cephalogram as bilateral structures do not align or superimpose (Hurst et al. 2007 ). Because of these limitations, three-dimensional (3D) analyses using multiplanar radiography have been proposed (Grayson et al. 1988; Mori et al. 2001) , which show better accuracy and reproducibility when compared to 2D cephalometry (Adams et al. 2004) . In this case the landmarks should be visible on images obtained from two or more different points of view and the difference in magnification of the various anatomical structures should be corrected.
Three-dimensional computed tomography (3D CT) cephalometry has gained popularity over the last two decades due to the progress in CT imaging and the increased interest for computer-assisted planning of surgery. It has been shown that CT data can provide additional useful information to standard radiography for patient management and that in most of the cases 2D CT scan slices are not as useful without 3D rendered images (Alder et al. 1995; Reuben et al. 2005) . Furthermore, distance measurements are more exact using reformatted 3D images than using original 2D slice data (Hildebolt et al. 1990; Frühwald et al. 2008) . With the aid of 3D computed tomography, the model can be viewed from any angle, the inner structures can be visualised and various organs can be observed independently (Park et al. 2006 ). In addition, 3D CT cephalometry allows evaluation of complex abnormal anatomies such as asymmetrical cases since three-dimensional images and measurements are assessed (Hwang et al. 2006; Rooppahkun et al. 2006) . Finally, compared to 2D radiographic cephalometry, intra-and inter-observer reproducibilities are significantly superior following the 3D CT method (Olszewski et al. 2007 ).
The anatomical landmarks or cephalometric points are commonly determined by manual point-picking on these surface renderings. Because of the variability in the head position during scanning, orientation of the image is required. This is done either by manual (subjective) alignment of anatomical structures or by automatic set-up of a reference system based on previously determined landmarks. Consequently, reproducibility depends mainly on the judgement and experience of the examiner.
Cephalometric analysis can be used to evaluate the outcome of orthognathic surgery, in which the position of one or more jawbones is corrected. Reproducibility of the landmark coordinates should be high to allow for correct comparison of data such as pre-and postoperative images. Otherwise, the variability in measurement values could lead to misinterpretation of the data, especially when the jaws were moved rather little during surgery. In this paper, new methods for landmark identification and image orientation are investigated, which aim to improve reproducibility of cephalometric measurements. The approach which is used is twofold: advance standardisation in cephalometry and limit the input of the examiner.
Materials and methods
The new methods for improved standardisation in 3D CT cephalometry were developed using pyFormex (http://pyformex.berlios.de), which is an open-source program under development at IBiTech. This software is intended for generating, manipulating and operating on large geometrical models of 3D structures. A module for cephalometric analysis was created combining general features of pyFormex and newly implemented tools for landmark identification and image orientation. All operations are performed on a triangular model of the skull. 
Landmark identification
The cephalometric points determined in this study are summarised in Table 1 . Two types of points can be distinguished: biological (type B) and constructed (type C) landmarks. Biological landmarks are situated on a certain anatomical structure of the body. In this work, they are identified by calculating the extreme point in a specified direction of the structure. This is illustrated in Figure 1 for the point Orbitale Right (OrR), which is defined in the literature as the most inferior point of the right infra-orbital rim. The following procedure is carried out to determine OrR:
(a) The user picks a surface region on the triangular model.
(b)
The original surface region is quite coarse.
(c) The surface region is smoothed and refined, a line region is calculated and the landmark is determined. • The examiner selects a surface region on the triangular model of the skull. For this operation, a picking procedure was developed which allows the user to (de)select triangles, remove unconnected parts from the selection and refine the selection in a new picking operation. For the landmark OrR, the surface region is the lower part of the right orbit (see Figure 1a ).
• The quality of the surface region is improved.
As shown in Figure 1b , the triangular surface model is quite coarse. Therefore, some quality improving techniques are performed.
-The surface region is smoothed to remove noise and to obtain a more uniform curvature.
The vertices (corner points of the triangles) are submitted to a low-pass filter algorithm (Taubin 1995 (Taubin , 2000 , which is a combination of two Laplace filters. During Laplacian smoothing, the vertex coordinates are recalculated according to Equation 1, in which p are the original coordinates, n is the valence (number of edges connected to p), q i are the adjacent points (points that share an edge with p) and λ is a scale factor (0 < λ < 1). However, the object tends to shrink drastically after applying the Laplace filter iteratively a large number of times.
In Figure 2a , the Laplace filter for a scale factor λ of 0.5 and four iterations is shown. In this figure, k are the frequencies of the surface signal (0 ≤ k ≤ 2) and f(k) is the transfer function of the filter. Low frequencies correspond to low curvatures, while high frequencies correspond to high curvatures. The Laplace filter produces shrinkage because all the frequency components, other than the zero component are attenuated (|f (k)| < 1 for 0 < k ≤ 2). To prevent shrinkage, the low-pass filter alternates between two steps of Laplacian smoothing: a shrinking step with the positive scale factor λ and an unshrinking step with the negative scale factor µ, greater than λ in absolute value (µ < −λ < 0). As shown in Figure 2b , this filter preserves low frequency components (0 ≤ k ≤ k P B ) and attenuates higher frequency components (k P B < k ≤ 2). The boundary is the pass-band frequency k P B (f (k P B ) = 1). If the scale factor λ and the pass-band frequency k P B are known, µ can be calculated from Equation 2. As suggested by Taubin, a pass-band frequency of 0.1 was chosen. The surface region is smoothed using four iterations of a low-pass filter with a scale factor λ of 0.5. For this combination of parameters, the transfer function f(k) decreases to zero, as k increases from k = k P B to k = 2 (see Figure 2b ). The surface regions of one skull model before and after low-pass filtering were compared to evaluate the error induced by smoothing. Since the regions are not closed, the volume change could not be used as an appropriate measure for shrinkage and the change in the surface area was used instead. The area change varied between -0.23% and -1.16% and is therefore negligible. As a comparison, the analogous Laplace filter would result in an area change between -0.82% and -13.46%.
-The surface region is refined to allow for interpolation between the original vertices of the model. For this step, a subdivision algorithm based on the modified butterfly scheme (Zorin et al. 1996; Zorin and Schröder 2000) was implemented. This algorithm splits every triangle into four new triangles by inserting one vertex per edge. The new vertex is calculated as a weighted sum of vertices adjacent to the edge. The weights depend on the characteristics of the edge (boundary or interior edge, boundary or interior vertices, valence of the vertices) and, in total, eight rules can be distinguished. The modified butterfly scheme guaranties that the limit surface is C1 continuous, i.e. has continuous tangent planes (Zorin 1997) . The surface region is refined using three iterations of the subdivision algorithm. The model resulting from the smoothing and refinement operation is shown in Figure 1c .
• A line region is calculated.
In this case, the line region approximates the infra-orbital rim. It is defined as the highest points of sagittal (yz) profiles through the surface region (see Figure 1c) . The distance between these profiles is approximately 0.05 mm. Since not all landmark definitions include a line region, this step is optional.
• The landmark coordinates are determined.
For the point OrR, the lowest point of the line region is calculated (see Figure 1c) . For landmarks which do not have a line region, the extreme point of the surface region is calculated.
(a) Laplace filter: This approach restricts the input of the user to the selection of the surface region on the triangular model of the skull. All the following steps are performed automatically. Other biological landmarks used in this study are points Orbitale Left (OrL), Nasion (N), Clinoid (CAR, CAL, CPR, CPL) and Sella Inferior (SI). As shown in Table 1 , these points are defined by the anatomical structure (surface and/or line region) on which they are situated and by the direction in which they are calculated as the extreme point. The position of the landmarks is depicted in Figure 3 .
Constructed landmarks are defined using a combination of other landmarks. As an example, the construction of the point Sella (S) is explained. This landmark is traditionally defined as the centre of the sella turcica, which is a saddle-shaped depression in the sphenoid bone (see Figure 3b and c). It is computed by the following procedure:
• Four Clinoid points are determined: two on the lesser wing and two on the dorsum sellae (see Table 1 and Figure 3b ).
• Landmark Sella Superior (SS) is calculated as the mean of the four Clinoid points (see Figure 3c ).
• Landmark SI is determined as the lowest point of the intersection of the hypophyseal fossa (seat of the sella turcica) with a sagittal plane through SS (see Figure 3b and c).
• Landmark S is calculated as the mean of SS and SI (see Figure 3c ).
Both constructed points used in this study, SS and S, are again calculated automatically. 
Image orientation
To orientate the model, a reference system based on four landmarks is set up: OrR, OrL, S and N. During image orientation, four requisites are taken into account, which correspond to three rotations and one translation (see Table 2 ). The rotation in the frontal and transversal planes aims to obtain an orientation in which similar anatomical structures are positioned symmetrically relative to the mid-sagittal (yz) plane. This is the natural head position, which, in addition, will result in landmarks which are most clinically meaningful. For example, point N will be situated more in the middle of the nasal bone along the transversal (x) axis if the skull is positioned symmetrically. To obtain such an orientation, OrR and OrL are placed at the same height and S and N are positioned in the same sagittal plane. Rotation in the sagittal plane puts the anterior cranial base (S-N line) six degrees above the horizontal plane. This transformation is based on the two-to nine-degree average orientation of the S-N line from true horizontal (Madsen et al. 2008 ). Finally, point S is positioned at the origin. The reference system is visualised in Figure 4 . Since all transformations are based on previously determined landmarks, the orientation procedure can be performed automatically.
Because after rotating the skull the extreme points may have changed, the line regions and landmark coordinates have to be recalculated. Since this may result in a different reference system, image orientation has to be repeated as well. Hence, an iterative procedure is used. During each iteration, the skull is re-orientated and the line regions and landmarks are recalculated. After each iteration, the four 
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Computer Methods in Biomechanics and Biomedical Engineering 7 Table 2 . Orientation requisites used to set up the reference system. orientation requisites of Table 2 are evaluated. The orientation procedure stops when all requisites are fulfilled. In this case, the three rotation angles associated with these requisites have converged to zero. However, due to the character of the model, only a finite number of vertices can be taken into account. As a result, it is possible that the orientation procedure does not converge, i.e. that one or more rotation angles do not converge to zero. Instead, consecutive angles which have the same absolute value but different sign can be observed. Therefore, the procedure stops after equal rotation angles are detected in three iterations. To decrease the deviation from a converged referenced system, a last iteration is performed, in which the skull is rotated over angles that are half of the recurrent rotation angles in absolute value. In this case, a warning message is shown to the user and the final deviation (the deviation of the current reference system from the reference system set up by the final landmark coordinates) can be viewed.
Evaluation of the new methods
To study the performance of the new methods, three sets of CT scans were used. All images had an intra-slice resolution of 0.48 mm and inter-slice resolution of 0.6 mm. Segmentation and 3D reconstruction of the skull was done using Mimics R (Materialise NV, Leuven, Belgium). The predefined threshold interval for bone in CT images (226-3071 HU) was chosen to identify the skull and the optimal quality parameters were selected to calculate a triangular surface mesh. Then, the 3D surface model was loaded into pyFormex. Using the cephalometry module, two examiners each performed five analyses for the three skull models, with a minimum time interval of two days. Based on these data, the orientation of the skull models and the reproducibility of the landmark coordinates were investigated. To evaluate the orientation method, a quantitative judgement of the symmetrical appearance of the models was made. Since all data were obtained from patients undergoing orthognathic surgery, the jaws are likely to have an asymmetrical position and thus they were removed from the skull model. Next, the model was split into two parts, separated by the mid-sagittal (yz) plane. The positive vertices were mirrored against the mid-sagittal plane and the minimum distance of each mirrored positive vertex from the negative vertices was calculated. Finally, the percentage of mirrored positive vertices lying within a certain distance from the negative vertices was determined. Intra-observer reproducibility was examined by means of the standard deviation of the five analyses of each user. Inter-observer reproducibility was evaluated by calculating the difference between the mean values of the five analyses of each observer.
Results

Orientation
The orientation of the skull models after calculation of the reference system is shown in Figure 5 . A symmetrical orientation relative to the mid-sagittal (yz) plane can be observed for the three models. The percentage of mirrored positive vertices lying within a certain distance from the negative vertices is shown in Figure 6 . Fifty per cent of the mirrored positive vertices lies within 0.8 mm, 75% within 1.3 mm and 90% within 2.2 mm from the negative vertices. The mean calculation time for the orientation procedure was approximately 6 min. Two calculations did not converge, but this did not result in a significant error since the maximum deviation of the final reference system from the reference system set up by the final landmark coordinates was -0.03 degrees. . The skull models after the calculation of the reference system. A symmetrical orientation relative to the mid-sagittal (yz) plane is obtained.
Intra-observer reproducibility
Intra-observer reproducibility is depicted in Figures 7 and 8 . The standard deviations of the 10 landmarks along the transversal (x), sagittal (y) and longitudinal (z) axis before and after the orientation procedure were calculated. For the first examiner, all landmarks except OrL and OrR have standard deviations below 0.1 mm, which indicates high reproducibility. The higher values for the Orbitale points can be explained as follows. In the second model, the line region for OrL is rather horizontal in the neighbourhood of the lowest point before orientation. As a result, a higher standard deviation (0.96 mm) was obtained for the x-coordinate of the landmark. After orientation however, all values are below 0.22 mm. The results for the third model show high variability for the points OrL and OrR, before as well as after the calculation of the reference system. This is caused by the fact that the infra-orbital rim can not be readily distinguished. If the surface region not clearly goes up and down in the sagittal (y) direction (see Figure 1c) , then the result for the line region, which was defined as the highest points of sagittal (yz) profiles through the surface region, will depend on the area to which the surface region extends in the sagittal direction. Consequently, high standard deviations occur in the sagittal direction for the points OrL and OrR (0.85 mm and 1.82 mm after orientation).
Similar results are obtained for the second examiner. In the first and second model, 8 out of 10 landmarks have standard deviations below 0.1 mm, while the points OrL and OrR have standard deviations below 0.46 mm and 0.29 mm. The highest variability is again observed for the third model, in particular for points OrL and OrR (3.40 mm and 1.70 mm after orientation).
Inter-observer reproducibility
Inter-observer reproducibility is shown in Figure 9 
Discussion
Many studies regarding 3D CT cephalometry have been performed, presenting various methods for landmark identification, image orientation (Haffner et al. 1999; Lagravère et al. 2006; Park et al. 2006; Swennen et al. 2006 ) and cephalometric analysis (Bettega et al. 2000; Olszewski et al. 2006; Park et al. 2006) and showing the need for improved standardisation and for the investigation of the accuracy and reproducibility of cephalometric measurements. Several studies about reproducibility of 3D CT cephalometry have been published. Some of them investigated correlation coefficients, while others calculated standard deviations. Intra-observer intraclass correlation coefficients between 0.970 and 0.998 for 10 subjects and four landmarks (Lagravère et al. 2006 ) and between 0.941 and 0.993 for 23 subjects and 20 linear distances (Periago et al. 2008 ) have been reported. Intra-and interobserver intraclass correlation coefficients for 26 subjects and nine linear distances were obtained with 3D CT cephalometry and 2D radiographic cephalometry (Olszewski et al. 2007 ). The 3D method proved to be significantly superior, showing intra-observer correlation coefficients between 0.9717 and 0.9984 and inter-observer correlation coefficients between 0.9362 and 0.9965. Maximal intra-observer standard deviations of 0.86, 0.93 and 1.67 mm for the transversal, sagittal and longitudinal direction for one subject and 19 landmarks (Park et al. 2006 ) have been reported. Mean intra-observer standard deviations were 0.39, 0.45 and 0.74 mm.
These studies rely on the examiner to manually point-pick the landmarks and/or orientate the skull. The method for landmark determination presented in this paper limits the input of the user to the selection of a surface region on the skull model. Since this operation is less user-dependent, higher reproducibility can be achieved. In this study, intra-observer standard deviations and inter-observer dif-ferences lower than 0.1 mm were obtained for most landmarks. When compared to the intra-observer standard deviations reported by Park et al., these results indicate that a significant improvement can be achieved with the new methods. Nevertheless, some landmarks perform poor if the feature that distinguishes them is not present in the geometry. This is, for example, the case for the Orbitale points, if the infra-orbital rim can not be approximated using the definition of the line region. When using the manual point-picking method, however, the user has to deal with the absence of characteristic features on the surface rendering as well. Such landmarks require further investigation. An automated procedure is used to orientate the skull based on four landmarks. Taking into account the method used for landmark determination, an iterative procedure is required to compensate for variations due to rotating the skull. The results obtained in this study show that a symmetrical orientation is achieved with the presented reference system. The distance between the mirrored left part and the right part of the skull is less than 2.2 mm for 90% of the vertices. When evaluating the orientation of the skull models, it should be kept in mind that some skulls may have asymmetrical features, that no skull is completely symmetrical and that the reproducibility of the orientation should be the most determining factor for choosing the reference system.
Cephalometric measurements can be used to evaluate the outcome of a treatment if a correct interpretation of the data is possible. If the observed values of a clinical study are, however, smaller than the reported error, it cannot be concluded that the observed effect is due to therapy (Kamoen et al. 2001 ). This study shows that the error in landmark determination on 3D surface models can be limited. Moreover, the set-up of a standardised reference system should contribute to the comparison of data, such as pre-and postoperative images from orthognathic patients.
Although interesting preliminary results were obtained in this study, some limitations remain. The number of patient data and landmarks used in this work was rather small. Reproducibility should be tested for a larger amount of data and other landmarks should be investigated. Because of the lower reproducibility of the Orbitale points, other reference systems should be evaluated as well. The accuracy of the landmark coordinates was not studied. In future, landmark coordinates measured on 3D CT models and dry skulls or on 3D models created from different CT images will be compared to study the accuracy of the new methods. The number of smoothing and subdivision steps applied on the surface regions was chosen arbitrarily. The influence of smoothing and subdivision on the accuracy of the landmark coordinates could be used to determine an optimal number of iterations. The main drawback of CT imaging is the increased radiation exposure compared to conventional radiography, but it is shown that with cone beam CT, the radiation dose can be significantly reduced (Loubele et al. 2008) . Therefore, cone beam CT will probably enhance the use of 3D CT cephalometry in orthodontic and craniofacial applications.
Conclusions
The number of studies concerning 3D CT cephalometry shows that this technique will become an important measurement tool in orthodontics and craniofacial surgery. The methods proposed in this study, namely landmark calculation and image orientation, contribute to an improved standardisation in cephalometry. Because the region-picking operation is less user-dependent, high reproducibility can be achieved for most of the investigated landmarks. Along with the set-up of a standardised reference system, this approach could allow improved comparison of patient data.
